In this paper, we study the downlink (DL) spectral efficiency (SE) of a cell-free massive multiple-input-multipleoutput (MIMO) system with Rician fading channels. The phase of the line-of-sight (LoS) path is modeled as a uniformly distributed random variable to take the phase-shifts due to mobility and phase noise into account. Considering the availability of prior information at the access points (APs), the phase-aware minimum mean square error (MMSE) and non-aware linear MMSE (LMMSE) estimators are derived. The MMSE estimator requires perfectly estimated phase knowledge whereas the LMMSE is derived without it. Besides, two different transmission modes are studied: coherent and non-coherent. Closed-form DL SE expressions for both coherent and non-coherent transmission with maximum-ratio (MR) precoding are derived for the two estimators. Numerical results show that the performance loss due to the lack of phase information is small and coherent transmission mode performs much better than non-coherent transmission.
I. INTRODUCTION
In cell-free massive MIMO a large number of geographically distributed APs jointly serve a smaller number of user equipments (UEs) [1] - [4] . The APs cooperate via a fronthaul network [4] to spatially multiplex the UEs on the same timefrequency resource, using network MIMO methods that only require locally obtained channel state information (CSI) [5] .
Joint transmission from multiple APs can be either coherent (same data from all APs) or non-coherent (different data). Only the former has been considered in cell-free massive MIMO, but it requires that the APs are phase-synchronized. A synchronization method is outlined in [4] without validation.
In densely deployed systems, like cell-free massive MIMO, the channels typically consist of a combination of a semideterministic LoS path and small-scale fading caused by multipath propagation, which can be modeled as Rician fading [6] , [7] . A small change in the UE location may result in a significant phase-shift of the LoS component, but no change in amplitude. For instance, if the UE moves half a wavelength away from the AP, the phase of the channel response changes by ±π. Similarly, hardware effects such as phase noise may create severe shift in the phase. These effects are usually neglected in the analysis of Rician fading channels by assuming a LoS path with static phase. Especially in high mobility scenarios, the phase shift in LoS path may have a large impact on system performance. Recently, [8] studied a cell-free network that supports both UAV and ground UEs where the channels between AP-UAV pairs have Rician distribution with uniformly distributed phase on the LoS paths.
The APs need to learn the channel statistics of each UE that it serves if Bayesian channel estimators are to be used, and the statistics change over time due to mobility and phase noise. The large-scale fading coefficients change slowly compared to the small-scale fading coefficients and the LoS phase that vary in each coherence block [9] . Depending on the availability of channel statistics, the phase-aware MMSE estimator which requires all prior information or LMMSE estimator with only the large-scale fading parameters can be utilized. In this paper, the specific technical contributions are as follows:
• We consider Rician fading channels between the APs and UEs, where the mean and variance are different for every AP-UE pair. Additionally, the phase of the LoS paths are modeled as independent and identically distributed (i.i.d.) random variables in each coherence block. • We derive the phase-aware MMSE and LMMSE channel estimates and obtain their statistics. Using the estimates for MR precoding, we obtain closed-form DL achievable SE expressions for both coherent and non-coherent transmission.
II. SYSTEM MODEL
We consider a cell-free Massive MIMO system with M APs and K UEs. All APs and UEs are equipped with a single antenna. The channels are assumed to be constant and frequencyflat in a coherence block of length τ c samples (channel uses). The length of each coherence block is determined by the carrier frequency and external factors such as the propagation environment and UE mobility [9] . The channel h m,k between UE k and the AP m is modeled as
where g m,k ∼ N C (0, β m,k ), the meanh m,k ∈ R represents the LoS component, and ϕ m,k ∼ U [−π, π] is the phase-shift. The small-scale fading from non-LoS (NLoS) propagation has a variance β m,k that models the large-scale fading. Note that (1) is a Rician fading model since |h m,k | is Rice distributed, but h m,k is not Gaussian distributed as in many prior works that neglected the phase shift. We assume that h m,k is an independent random variable for every m = 1, . . . , M , k = 1, . . . , K and the channel realization h m,k at different coherence blocks are i.i.d. All APs are connected to a central processing unit (CPU) via a fronthaul network that is error free. The system operates in time division duplex (TDD) mode and the uplink (UL) and DL channels are estimated by exploiting only UL pilot transmission and channel reciprocity.
III. CHANNEL ESTIMATION
In each coherence block, τ p samples are reserved for UL pilot-based channel estimation, using a set of τ p mutually orthogonal pilot sequences. The pilot sequence of UE k is denoted by φ k ∈ C τp×1 and satisfies φ k 2 = τ p . It is scaled by √p k , withp k being the pilot power, and sent to the APs. The received signal y p,ap m ∈ C τp×1 at AP m is
where n p m ∼ N C 0 τp , σ 2 ul I τp is additive noise. AP m computes an inner product between y p,ap m and φ k to get a sufficient statistics for estimating h m,k . This results in
We assume that the number of UEs is large such that τ p ≤ K and we define the set P k of UEs that use the same pilot sequence as UE k. Since UEs with different pilots have orthogonal pilot sequences y p m,k , (3) can be rewritten as
Based on (4), we will derive the phase-aware MMSE estimator and non-aware LMMSE estimator, and characterize their statistics, to determine the importance of having accurate phase information. In practice, the APs will have imperfect phase estimates, thus the two studied cases provide upper and lower performance bounds.
A. Phase-aware MMSE Channel Estimator
If the channel statisticsh m,k , β m,k are available and the phase ϕ m,k is somehow perfectly known at AP m, for every k, we can derive the MMSE estimator of h m,k as [10] h mmse m,k =h m,k e jϕ m,k + 
The mean-squared error is MSE = E{|h m,k −ĥ mmse m,k | 2 } = c m,k . The MMSE estimateĥ mmse m,k and the estimation error h mmse m,k satisfy
whereĥ mmse m,k
is not Gaussian distributed. The APs do not share these channel estimates with each other, or the CPU, but they are used to perform MR processing distributively. Nevertheless, the collection of channel estimates of UE k from all APs can be written in vector form aŝ
has zero mean and the covariance matrix
where
(13)
B. LMMSE Channel Estimator
If the channel statisticsh m,k , β m,k are available but the phase ϕ m,k is completely unknown at AP m, for every k, we can derive the LMMSE estimator of h m,k aŝ 
The mean-squared error is 
We can write (14) in vector form aŝ
where R k = diag(β 1,k . . . , β M,k ) and Λ k = diag(λ 1,k , . . . , λ M,k ) −1 . The estimation errorh lmmse k = h k −ĥ lmmse k has zero mean and the covariance matrix
The MMSE estimateĥ lmmse k and the estimation errorh lmmse k are uncorrelated random variables and satisfy
The derivations above follow from general expressions for the LMMSE estimator and mean-square error in [10, Ch. 12].
IV. COHERENT DL TRANSMISSION
Each coherence block contains τ d DL data symbols, where τ d = τ c −τ p . In this section, we assume that each BS transmits to each UE and sends the same data symbol as the other APs. By setting some transmit powers to zero, the analysis also covers cases where each AP only serves a subset of the UEs. The transmitted signal from AP m is
where ς k ∼ N C (0, 1) is the DL data signal to UE k which is same for all APs. The scalar w coh m,k = ρ m,k E{|ĥ m,k | 2 }ĥ m,k is the coherent beamforming and ρ m,k ≥ 0 is chosen to satisfy the DL power constraint E{|x m | 2 } ≤ ρ dl which implies K l=1 ρ m,l ≤ ρ dl . The received signal at the kth UE is
where the receiver noise at UE k is denoted
is a deterministic matrix whereasĥ k is a random vector. Based on the signal in (23), the ergodic DL capacity of UE k is lower bounded using the use-and-then-forget (UatF) bound
where the expectations are with respect to all sources of randomness [9, Th. 4.6]. Next, the effective SINR γ dl,coh k is computed for MR precoding when using the MMSE and LMMSE estimators. Remark 1: The proofs of the analytical results in this paper follow from direct but lengthy computations of the moments of random variables and are omitted due to limited space. The detailed comments can be found in [11] .
A. Coherent DL SE with the Phase-aware MMSE Estimator
Lemma 1: If MR precoding with w k = D 1/2 kĥ mmse k is used based on the phase-aware MMSE estimator, then the expectations in (24) are computed as
where L l = diag h2 1,l , . . . ,h 2 M,l and S k,l = L k L l if l = k and zero matrix otherwise. Inserting these expressions into (24) gives the DL SINR at UE k, as shown in (27) 
Inserting these expressions into (24) gives the DL SINR at UE k γ dl,lmmse
V. NON-COHERENT DL TRANSMISSION
In this section, we consider the alternative case in which each AP is allowed to transmit to each UE but sends a different data symbol than the other APs, to alleviate need for phasesynchronizing the APs. The transmitted signal from AP m is
where ς m,k ∼ N C (0, ρ m,k ) is the DL data signal to UE k. The beamforming scalar w m,k =ĥ m,k E{|ĥ m,k | 2 } is a scaled version of the channel estimate and ρ m,k is chosen to satisfy the DL power constraint E{|x m | 2 } ≤ ρ dl which implies K l=1 ρ m,l ≤ ρ dl . The received signal at the kth UE is
where the receiver noise at UE k is denoted n dl k ∼ N C 0, σ 2 dl . Lemma 3: Based on the signal in (32), if the UE k detects the M signals using successive interference cancellation (with arbitrary decoding order) a lower bound on the DL sum SE of UE k is SE dl,nc
From the effective SINR above, we notice that the numerator contains the sum of the squared contributions from different APs, which is different from the coherent case where the summation is inside the square. Hence, the coherent case gives a larger signal term, but it requires that all APs are synchronized and co-operate to achieve a coherent beamforming gain that is analogous to co-located massive MIMO. The numerical comparisons of these DL transmission modes are presented in Section VI. In the following subsections, the effective γ dl,nc k is calculated for MR precoding when using the phase-aware MMSE and LMMSE estimators. E{|ĥ mmse m,k | 2 } is used based on the phase-aware MMSE estimator, then the expectations in (33) are computed as E h * n,k w n,k = p k τ p β 2 n,k λ −1 n,k +h 2 n,k , E |ĥ mmse n,l | 2 =p l τ p β 2 n,l λ −1 n,l +h 2 n,l and E |h * n,k w n,l | 2 as is used based on the LMMSE estimator without phase information, then the expectations in (33) are computed as E h * n,k w n,k = E |w n,k | 2 = p k τ p (β n,k ) 2 (λ n,k ) −1 , (37) E |h * n,k w n,l | 2 = β n,k
where E |ĥ lmmse n,l | 2 =p l τ p (β n,l ) 2 (λ n,l ) −1 . Substituting these expressions into (33) gives the DL SINR at UE k as in (39) where D k is the same as in Section V-A.
VI. NUMERICAL RESULTS
In this section, the closed-form SE expressions are validated and evaluated by simulating a cell-free massive MIMO network. We have M APs and K = 40 UEs that are independently and uniformly distributed within a square of size 1 × 1 km 2 with a wrap-around setup. The pathloss is computed based on the COST 321 Walfish-Ikegami model with AP height 12.5 m and UE height 1.5 m. All AP-UE pairs have a LoS path and the path-loss (PL) is modeled (in dB) as
where F m,k is the shadow fading coefficient. The Rician factor is calculated as κ m,k = 10 1.3−0.003d m,k . We assume correlated shadow fading as in [2] with F m,k = (41) We consider communication over a 20 MHz channel and the total receiver noise power is −94 dBm. Each coherence block consists of τ c = 200 samples and τ p = 20 pilots are randomly allocated. The same DL power is assigned to UE k for both coherent and non-coherent transmission. The power is allocated proportional to the channel quality of UE by using the matrices for the coherent and non-coherent case respectively
is the power fraction parameter (0 ≤ η m,k ≤ 1). Fig. 1 shows the averaged DL SE over different UE locations and shadow fading realizations, when using MR precoding based on either the phase-aware MMSE or LMMSE estimators. The curves are generated using the closed-form expressions from Section IV and Section V. The " " markers are generated by Monte Carlo simulations. The fact that the markers overlap with the curves validates of our analytical results. The coherent transmission performs better than the non-coherent transmission as expected. Also, the performance γ dl,mmse gap between the phase-aware MMSE and LMMSE estimator is higher in the coherent case since it is sensitive to phase errors. However, the LMMSE estimator curve is still rather close to the MMSE estimator, which shows that even without the knowledge of the phase we can get a good performance. Fig. 2 shows cumulative distribution function (CDF) curves for the DL SE per UE. The randomness is due to random UE locations and shadow fading realizations. The figure shows that UEs with good channels have almost the same SE with the MMSE and LMMSE estimators in coherent transmission mode, so phase estimation is only important for UEs with weaker channels.
VII. CONCLUSIONS This paper studied the DL SE of a cell-free massive MIMO system with Rician fading channels. The phase of the LoS path is modeled as uniformly distributed random variable to take phase-shifts due to mobility and phase noise into account. To determine the importance of knowing the phase, the phase-aware MMSE and non-aware LMMSE estimators were derived. Coherent and non-coherent transmission were studied. We observed that the loss from the lack of phase knowledge is fairly low for both coherent and non-coherent transmission. Also, the coherent transmission performs much better, which is why it has dominated the cell-free literature.
